Background The effective aortic regurgitant orifice area varies with aortic pressure in animal models of acute aortic regurgitation. The purpose of this study was to determine whether the aortic regurgitant orifice area changes during diastole in patients with chronic aortic regurgitation.
V alvular heart diseases, including mitral stenosis, mitral regurgitation, and aortic stenosis, have been shown to be dynamic with changes in stenotic and regurgitant orifice areas in response to altered loading conditions.1,2 It has been suggested that the aortic regurgitant orifice area is a fixed area unresponsive to changes in aortic pressure.3 However, data from in vivo and in vitro animal models of acute aortic regurgitation indicate that the aortic regurgitant orifice area is load dependent.4'5 The regurgitant area increases directly with aortic distending pressure in the acute model, probably because increasing aortic pressure distends the aortic annulus, causing malcoaptation of the aortic cusps. 5 Estimation of the aortic regurgitant orifice area is dependent on accurate determination of retrograde aortic flow and the velocity of this retrograde flow through the valve. Although estimating the regurgitant orifice area may be possible using echocardiography alone, small errors in any of several measurements may lead to significant inaccuracies.6 Velocity mapping with magnetic resonance (MR) phase contrast is a noninvasive, highly reproducible method of estimatReceived November 23, 1993 ; revision accepted January 4, 1994 . ing antegrade and retrograde aortic flow.7-12 Similarly, continuous-wave Doppler assessment of aortic regurgitant flow provides an accurate estimate of the velocity of retrograde flow through the aortic valve. 13 The effective regurgitant orifice area may be approximated as the ratio of MR regurgitant aortic flow to the echocardiographically derived aortic regurgitant velocity time integral. Since flow and velocity data may be acquired at several intervals throughout the cardiac cycle, both mean and interval orifice areas may be estimated. The purpose of the present study was to test the hypothesis that the aortic regurgitant orifice area decreases during diastole in patients with chronic aortic regurgitation.
Methods Subjects
This study was (Fig 3) . Simultaneous depiction of the drawing procedure on a phase and a magnitude image facilitated accurate definition of the vessel contour. Each phase subimage was submitted to a zero-order phase correction based on the average phase value of pixels in and close to the stationary sternum; without this phase correction, an underestimation of the systolic blood flow would result. The systolic offset is introduced by the image reconstruction software, which adjusts the average phase of the image, disregarding phase shifts introduced by motion. Velocity was calculated based on the known relation between velocity and phase shift. For each image obtained, average velocity data are available for each pixel in the ascending aortic cross section. The mean regurgitant orifice area was determined using the continuity equation
Measurements and Calculations
Aortic Regurgitant Orifice Area (cm2)= Regurgitant Volume (cm3) Aortic VTI (cm)
The interval orifice areas were determined for each diastolic instant by matching MR flow and echocardiographic velocity integrals. For each patient, the average and interval aortic VTIs obtained before the MR study were used in these calculations. Each individual's data were analyzed using an asymptotic exponential decay model fit to each data set using a leastsquares method (ORIGIN 2.85 ). An 
Statistics
Heart rate, blood pressure, and VTIs obtained before and after MR examination were compared using the Student's t test. The regurgitant fraction was compared with the % dynamic component and the regurgitant orifice area using linear regression. Subgroups of patients with regurgitant fractions >10% (n=13) and with audible aortic regurgitation (n=16) were analyzed to exclude bias based on inclusion of patients with minimal aortic regurgitation. The regurgitant fraction, orifice area, and % dynamic component were compared with systolic blood pressure, diastolic blood pressure, mean blood pressure, and pulse pressure using linear regression. A value of Pc.05 was considered statistically significant.
Data are reported as mean±+1 SD.
Results
For 15 of 17 patients, heart rate, blood pressure, and continuous-wave Doppler recordings of the aortic regurgitation were obtained before and after MR examination. The mean heart rate changed from 67.8 to 67.5 
Discussion
Use of Doppler echocardiographic and MR techniques allowed determination of mean and interval retrograde flow and regurgitant orifice area in this population with chronic aortic regurgitation. The regurgitant orifice decreased from early to late diastole, with significant changes occurring in 50-to 100-millisecond intervals. The diastolic change in the orifice area was particularly prominent in individuals with mild regurgitation (small regurgitant fractions).
Several anatomic factors may influence the nature of the regurgitant orifice area. The aortic leaflets normally have a large area of tissue overlap, extending from the central third to the edge of each leaflet.517, 18 When there is a deformity of the leaflets leading to regurgitation, coaptation is impaired, usually along the edges of two or more cusps. If the damage to the leaflets is extensive, the size of the defect between the leaflets may change very little in response to changing aortic diastolic pressure. In addition, calcification of the leaflets may restrict the extent of leaflet overlap. The degree of leaflet coaptation is affected by distension (and relaxation) of the aortic annulus and the aortic root.19 20 In the normal subject, the aortic annulus and root expand in systole and relax in diastole. As the aortic annulus and root diminish in size, more surface area of the aortic leaflets will be available for coaptation.17,20 In individuals with mild aortic regurgitation, this mechanism for improving leaflet coaptation toward the end of diastole may be intact. As Other factors potentially influencing the regurgitant orifice include aortic distensibility, left ventricular compliance, left ventricular performance, and systemic blood pressure. Our results indicate that regurgitant orifice area and regurgitant fraction are related inversely to the diastolic and mean blood pressure, which is not unexpected given the known relation of diastolic blood pressure to disease severity. There was a nonsignificant trend for the dynamic nature of the orifice to be related to the mean blood pressure. Given the small population size, we cannot exclude the hypothesis that systemic arterial pressure influences the dynamics of the orifice.
The patients included have a large variation in regurgitant severity as determined by the regurgitant fraction. Even when those patients with minimal aortic regurgitation (regurgitant fraction < 10%) were excluded from the analysis, the inverse relation between the regurgitant fraction and orifice dynamics was still present, suggesting that our initial observation was not due to inclusion of patients with minimal disease.
Study Limitations
Estimation of the regurgitant orifice area as described in the study is dependent on the accurate measurement of regurgitant volume and the velocity of blood flow through the valve. Since MR and echocardiographic data could not be collected simultaneously, echocardiographic examinations were performed immediately before and after the MR examination. There was no significant change in blood pressure, heart rate, or continuous-wave Doppler derived VTIs before or after the MR study, suggesting that this was a reasonable approach. This approach is also supported by previous data demonstrating that continuous-wave Doppler velocities of the aortic regurgitant jet correlate well with the predicted velocity based on the diastolic aortic to left ventricular pressure gradient measured in the catheterization laboratory.13 Diastolic forward flow was quite small in this population; therefore, defining antegrade flow as forward flow over the entire cardiac cycle (16 images) was reasonable.
MR flow quantification may be subject to potential sources of variability. Phase subimages were subjected to a zero-order phase correction based on the average phase value of pixels in and close to a nonmoving structure, the sternum.14 This offset should alleviate potential underestimation of the magnitude of blood flow. The phase delay in MR during diastole. The inclusion of coronary flow in the measured flow will make the estimated regurgitant orifice area slightly larger than the true area but should lead to only a minor difference in this population with mean retrograde volumes of 67 mL per beat. In patients with aortic regurgitation, there is a shift from diastolic to systolic predominance in coronary flow, with an increase in total coronary flow.21.22 If one subtracted a constant value of coronary flow from each diastolic interval, the pattern of decrease in orifice area during diastole would not change, but the magnitude of that change would vary slightly.
The normal coronary artery flow velocity pattern, however, has the highest velocities early in diastole, with a decrease in velocity throughout diastole. In severe aortic regurgitation, the end-diastolic flow velocities approach zero.23 Total coronary flow patterns have been described using catheter thermodilution and coronary venous MR phase mapping.2425 Based on quantitative data from these studies,23-25 the three patients with the smallest degree of aortic regurgitation would have negligible regurgitant aortic valve flow throughout part or most of diastole. For patients with moderate or severe aortic regurgitation, accounting for coronary flow decreases the magnitude of the dynamic component of the regurgitant orifice but will not eliminate the observed relation between the dynamic component of the orifice area and regurgitant fraction described in this study.
Conclusions
The regurgitant fraction, regurgitant volume, and regurgitant orifice area can be estimated noninvasively in patients with aortic regurgitation using these two imaging techniques. These data may be useful in patient management, especially when other imaging techniques are inadequate. While the decrease in regurgitant orifice area during diastole may be related to decreasing aortic annular distension with declining diastolic aortic pressure, the etiology of valvular dysfunction, aortic and left ventricular compliance, and systemic blood pressure may also influence the changes in the aortic orifice. In those individuals with a dynamic orifice, techniques that depend on the instantaneous maximal abnormal diastolic velocity disturbance in the left ventricular outflow tract (such as color Doppler echocardiography or the observation of signal voids on MR images) to determine aortic regurgitant severity may overestimate disease severity because the size of the velocity abnormality may reflect peak rather than the mean orifice area. 11, 26, 27 Changes in the regurgitant orifice area throughout diastole may also explain, in part, the temporal variability in size and persistence of color Doppler jets in aortic regurgitation.28 Future work will be required to determine the importance of the dynamic component of the regurgitant orifice and the influence of medical therapy on the changes in the orifice area.
